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SECTION  1 


INTRODUCTION 


As  pajt  of  the  DNA  Chemistry  Panel  Review,  these  pages  summarize  the 
results  of  our  efforts  to  provide  a  reasonably  up-to-date  compendium  of  key  param¬ 
eters  involved  in  the  calculation  of  infrared  radiation  from  CO2  in  a  nuclear  envi¬ 
ronment.  These  parameters  are:  chemical  rate-coefficient  values  (or  expressions)  for 
formation/destruction  of  CO2,  rates  for  collisional  excitation/deexcitation  of  certain 
vibrational  states  and  optical  parameters  including  frequencies,  Einstein  A  coefficients 
and  pB  factors  for  bands  of  CO2  originating  from  vibrational  levels  up  to  about  5000 


Use  has  been  made  of  earlier  reaction-rate  reviews  and  these  have  been 
augmented  by  our  own  literature  searches  of  Physics  Abstracts  through  October  1989. 
Where  sufficient  data  exist  to  permit  it,  reaction  rates  as  functions  of  temperature  are 
presented  in  graphical  form  with  laboratory  data  points  included.  Recommended  rate- 
coefficient  expressions  are  given,  where  possible,  as  well  as  the  estimated  uncertainty 
of  each.  No  attempt  has  been  made  to  provide  “guesses”  for  quantities  that  may  be 
of  interest  to  the  DNA  community,  such  as  excitation/deexcitation  rate  coefficients 
for  certain  vibrational  states,  for  which  no  literature  values  have  bem  found. 

The  data  are  presented  in  the  following  order:  (l)  chemical  reaction-rate 
coefficients,  (2)  collisional-quenching  rate  coefficients  for  CO2  vibrational  states  and 
(3)  optical  parameters  for  CO2  infrared  bands. 


1 


SECTION  2 


CHEMICAL  REACTION  RATES 


The  reactions  involving  the  production  and  destruction  of  CO2  considered 
here  are  based  largely  on  those  in  the  ARCHON  code  (Ref.  64)  supplemented  with 
a  few  additional  ones  involving  certain  ion-molecule  reactions.  Table  1  lists  the  re¬ 
actions,  together  with  our  recommended  rate  coefficients  and  suggested  uncertainty 
factors.  The  rates  for  the  neutral  reactions  are  based  on  details  presented  in  Figures  1 
through  7.  A  niimber  of  the  reactions  are  listed  as  pairs  (a)  and  (b)  with  (a)  represent¬ 
ing  the  forward  (exothermic)  reaction  and  (b)  representing  the  reverse  (endothermic) 
reaction.  Most  of  the  rate  coefficients  are  expressed  in  the  standard  form  ^ 

k  =  a(r/300)‘e""^^  (1) 

where  the  constants  a,  b,  c  are  given  in  Table  1.  Two-body  reaction  rates  have  units 
cm^  particle  "^sec"^;  three-body  rates  have  units  cm®  particle”^  sec"^.  The  third 
column  in  Table  1  lists  the  exothermicity,  AE,  of  each  reaction  in  eV.  A  negative 
value  for  AE  indicates  that  the  reaction  is  endothermic  by  the  amount  shown. 

Uncertainty  factors  in  Table  1  are  listed  either  in  the  form  (1  ±  x),  which 
is  self  explanatory,  or  as  single  factors.  In  the  latter  case,  an  uncertainty  factor  2,  for 
example,  means  that  the  rate  coefficient,  k,  is  estimated  to  lie  within  the  limits  2k 
and  k/2.  The  uncertainty  factors  are  based  partially  on  estimates  given  in  previous 
literature  reviews  and  partially  on  “eyeball”  estimates  of  the  spread  in  the  experimen¬ 
tal  data.  They  pertain  to  the  temperature  ranges  cited  in  Table  1.  For  temperatures 
outside  these  ranges,  the  uncertainties  are  presumed  to  be  larger. 

The  Icist  column  in  Table  1  provides  either  references  for  a  given  reaction 
rate  or  else  it  refers  to  a  specific  figure  in  this  report  that  contains  more  detailed 
information  about  the  rate  coefficient  including  data  points,  temperature  plots  and 
references. 

Recommended  rates,  shown  in  Table  1  and  the  figures,  are  weighted  more  in 
favor  of  the  later  data,  especially  if  tiie  latter  show  consistency  with  the  principle  of 
detailed  balance.  A  case  in  point  pertains  to  CO2  formation  and  destruction  depicted 

^The  exception  is  Reaction  11. 
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Table  1.  COj  formation/destruction  reactions  and  rate  coefficients. 


Reference/ 

Comment 

Fig.  1 

Fig.2 

6kia 

6kit, 

Fig.3 

Fig.4 

Fig.S 

Fig.e 

Fig.  7 

detailed  balance 
5&-61,  65 
53,54,57,66 

64.55.66 

54.55.66 

54.66 

62,68 

62.66 

53.66.67 

62,66 

63 

*  The  products  of  Reaction  7  change  from  Oj  -{-  CO  at  300  "K  to  mainly  COj  +  O  at  900  °K.  In  either  case,  following  I 

dissociative  recombination,  the  final  products  are  CO  -f  20.  | 

Uncertainty 

Factor 

2.5 

2 

2.5 

3 

1  ±  .5 

1  ±  .2 

2(1500/T)®‘ 

2(1500/T)"* 

3 

3 

1.7 

1  ±  0.2 

1  ±  0.2 

1  ±  0.2 

1  ±  0.2 

2 

2 

1.4 

1  ±  0.3 

1  ±  0.2 

« 

60 

a 

300-6500 

300-6500 

300-6500 

300-6500 

250-2500 

1000-3000 

1500-4100 

1500-4100 

700-1000 

700-1000 

300-1000 

300-900 

300 

300 

300 

295 

295 

94-900 

295 

300 

u 

2191.6 

66431.8 

2191.6 

66431.8 

-545.5 

12457.0 

27900 

30400 

11900 

41421 

800 

0 

0 

0 

0 

0 

0 

^  -f  7.0  -  “  e 

0 

0 

ja 

-1.44 

-2.5 

-1.44 

-2.5 

1.58 

0.38 

0 

0 

0 

-0.362 

0 

0 

0 

0 

0 

0 

0 

^  -.007fl 

0 

-0,5 

4 

^  ^  o' ^  o**  ^  •  "o'  H 

*  -  “v  » . . 

<  ^ 

5.45 

-5.45 

5.45 

5.45 

1.06 

-1.06 

0.34 

-0.34 

2.71 
-2.71 
3.44 
1.22 
0.76 
4.33 
1.81 
1.37 
0.15 

1.71 
4.50 
8.32 

Reaction 

tg^poooo  TO§ 

f  'oi  t  t®t ,  to 

00000^0000  000 

0  0  0  0  0^:0000^:0^  ^0  000 

No. 

3 


4000 


Figure  1.  Rate  coefficient  for  the  CO  +  O  +  M  — »  COj  +  M  reaction. 
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Figure  4.  Rate  coefficient  for  the  COj  +  »  CO  +  OH  reaction. 


fNJ 


k(aii  particle 


Figure  6.  Rate  coefficient  for  the  COj  +  O  —*  CO  +  Oi  reaction. 


(cm  particle  sec 


in  Figures  1  and  2,  respectively.  Much  of  the  older  data  are  unreliable  due  to  the 
presence  of  contaminants  that  the  reactions  are  particularly  sensitive  to.  Some  of 
these  older  data,  relating  to  COj  dissociation  at  high  temperatures,  are  shown  in 
Figure  2  (References  48  through  52).  The  newer  high-temperature  data  of  Kiefer 
(Ref.  79)  is  consistent  with  the  high-temperature  rate-coefficient  measurements  of 
Dean  and  Steiner  (Ref.  80)  for  the  reverse  reaction  (Figure  1)  and  also,  through  use 
of  classical  theory,  to  measured  rates  for  the  reverse  reaction  at  low  temperatures.  The 
rate-coefficient  expressions  in  Figures  1  and  2  are  consistent  with  the  high-temperature 
data  in  References  79  and  80,  with  the  low-temperature  data  in  Reference  81,  and  with 
detailed  balance  through  the  equilibrium  constant  as  given  by  the  JANAF  Tables  (Ref. 
83).  The  rate  expressions  in  Figures  1  and  2  apply  to  M  =  N^.  For  M  =  O2,  we 
adopt  a  rate  that  is  six  times  larger  (Ref.  39). 
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SECTION  3 


VIBRATIONAL  EXCITATION/DEEXCITATION  RATES 


Recommended  excitation/deexcitation  rates  {V  —  T  and  V  —  V)  of  COj 
vibrational  states  by  collisions  with  major  atmospheric  species  and  electrons  are  pre¬ 
sented  in  Table  2.  Our  recommendations  are  based  on  available  data  in  the  literature 
smd  on  previous  reviews.  Details,  including  most  of  the  references,  are  given  in  Figures 
8  through  17  that  ase  referred  to  in  the  “Reference/ Comment”  column  in  Table  2. 
The  considerable  body  of  data  involving  collisions  of  COj  with  other  COi  molecules 
has  been  omitted  here  because  of  the  dominance  of  COj  collisions  in  the  earth’s  at¬ 
mosphere  with  the  major  species  Oi  and  O. 

The  third  column  in  Table  2  gives  the  exothermicity,  A.E,  of  the  reactions. 
Again,  negative  values  for  L.E  are  given  for  the  endothermic  reactions.  For  Reactions 
15  and  22,  the  exothermicity  depends  on  the  mode  according  to  the  footnotes  in 
Table  2.  The  symbols  (-  *)  and  (-  **)  in  the  third  column  indicate  that  the  values  for 
are  the  negative  of  those  in  the  corresponding  footnotes. 

The  uncertainty  factors  shown  in  Table  2  reflect  the  influence  of  earlier 
reviews  but  are  based  largely  on  estimates  of  the  spread  in  the  laboratory  data,  with 
heavier  weighting  generally  given  to  the  more  recent  experiments. 

As  in  Table  1,  the  forward  (exothermic)  and  reverse  (endothermic)  rejurtions 
in  Table  2  are  labelled  (a)  and  (b),  respectively.  Most  of  the  laboratory  data  pertain 
to  the  forward  reactions.  For  the  reverse  reactions,  we  have  applied  the  principle  of 
detailed  balance  to  obtain  the  rate  coefficients.  For  a  typical  reaction  in  Table  2  of 
the  form 


C02{v')  +  A  C02{v")+B  .  (2) 

application  of  this  principle  leads  to  a  reverse  rate  coefficient,  kr,  in  terms  of  the 
forward  rate  coefficient,  kf,  given  by  the  expression 


9cOj{v") 


(3) 
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Table  2.  CO^  vibrational  excitation/deexcitation  rates. 
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Table  2.  COj  vibrational  excitation/deexcitation  rates  (Continued). 
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Figure  8.  Rate  coefficient  for  the  CC)j(00°0)  +  7Vj  — >  COi(00°l)  reaction. 
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Figure  10.  Rate  coefficient  for  the  COj{00°l)  +  iV2(0)  -♦  C02(00°0)  4-  iV2(l) 
reaction. 
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Figure  11.  Rate  coefficient  for  the  COj(010)  +  iVj  -♦  CC>j(00°0)  +  N2  reaction 
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Figure  12.  Rate  coefficient  for  the  CC)j(OlO) -f02  — *  C02{00°0) -t-Oj  reaction. 
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Figure  14.  Rate  coefficient  for  the  C02{020)  +  Nj  —*  COj(OlO)  -t-  Nj  reaction. 
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Figure  17.  Rate  coefficients  for  the  reactions  e  +  CO}((X)°0)  e  +  CO[ 


Here,  gcoi{v')  aJid  ffco,(v")  are  ^^he  statistical  weights  of  vibrational  states  v'  and  v", 
respectively,  and  AE  =  £„>  +  Ea  —  {E„"  +  Eb)  >  0  is  the  net  endothennicity  of  the 
reaction. 


For  Reaction  14(b),  the  excitation  cross  section  a{E)  has  been  measured 
(Refs.  36,  44)  as  a  function  of  the  relative  energy,  E,  of  the  colliding  partners  over  the 
energy  rauige  from  0.36  to  1.4  eV  and  we  have  computed  the  reaction- rate  coefficient 
as  a  function  of  temperature,  T,  from  the  relation 


k  =  4.74  X  lO^^T  [  Ea{E)e  (cm’sec  '■)  (4) 

JEo 

where  Eq  is  the  threshold  energy,  E  is  in  eV  units  and  T  is  in  °K.  For  this  calculation 
we  have  used  the  cross  sections  in  Ref.  44  rather  than  those  in  Ref.  36  because  the 
latter  exhibit  considerable  scatter.  The  values  of  fc,  for  selected  values  of  T,  have  been 
fitted  by  the  expression  shown  in  Table  2. 

For  Reaction  15a  in  Table  2  (see  also  Figure  9),  our  recommended  rate- 
coefficient  curve  was  chosen  to  fit  the  larger-valued  data  points  rather  than  those  of 
some  earlier  reviews  that  are  not  consistent  with  the  later  data,  especially  at  the  lower 
temperatures. 

For  Reactions  24  and  25,  involving  electron  excitation/deexcitation  of  states 
010  and  00°1,  we  have  used  the  excitation  cross  sections  of  Bulos  and  Phelps  (Ref. 
74)  to  calculate  the  excitation  rate  coefficients  from  the  formula 

k  =  8.36  X  r  ^a(£;)e-*  dE  .  (5) 

J  Eq 

Here,  E  is  the  electron  energy  (eV),  cr(f^)  is  the  cross  section  (cm*)  and  T,  is  the 
electron  temperature  {°K).  Although  these  cross  sections  were  determined  indirectly 
from  drift-tube  measurements  in  1976,  they  are  consistent  with  direct  cross-section- 
measurements  by  Register  et  al.  (Ref.  75)  at  4  and  10  eV  and  with  theoretical 
calculations  for  the  00°  1  state  by  Thirumalai  and  Thuhlar  (Ref.  76)  at  10  eV.  We 
estimate  a  factor  2  uncertainty  in  the  cross  sections  and  hence  in  the  rate  coefficients. 

For  Reaction  26,  involving  electron  excitation/deexcitation  of  state  10°0, 
the  excitation  cross  sections  of  Bulos  and  Phelps  below  0.6  eV  are  about  a  factor  of  4 
lower  than  those  calculated  by  Whitten  and  Lane  (Ref.  77)  and  measured  by  Kochem 
et  al.  (Ref.  78).  Consequently,  for  the  10°0  state,  we  have  calculated  the  excitation 
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rate  coefficient  from  Equation  5  using  (a)  the  Bulos  and  Phelps  cross  sections  for  both 
the  low-energy  region  and  the  higher-energy  (3.8  eV  ‘‘shape  resonance”)  region  and 
(b)  the  Kochem  et  al.  cross  sections  for  the  low-energy  region  and  the  Bulos  and 
Phelps  cross  sections  for  the  higher-energy  region.  Since  the  Kochem  et  al,  cross 
sections  (measured  only  at  low  energies)  are  based  on  direct  measurements  rather 
than  inferred,  as  are  those  of  Bulos  and  Phelps,  we  recommend  results  based  on  the 
use  of  the  (b)  cross  sections  in  Equation  5. 

The  values  for  the  excitation  rate  coefficients  computed  from  Equation  5  are 
shown  in  Figure  17  for  the  temperature  range  10*  to  10®  These  have  been  fitted, 
to  within  10  percent,  over  the  indicated  temperature  ranges  by  the  expressions  shown 
in  Table  2  for  Reactions  24b,  25b  and  26b.  In  the  latter  case,  the  fit  has  been  made 
to  the  dashed  curve  in  Figure  17. 
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SECTION  4 


OPTICAL  PARAMETERS  FOR  COj  INFRARED  BANDS 


The  optical  parameters  involved  in  this  review  are  shown  in  Tables  3  through 
6.  These  tables  include  a  listing  of  the  vibrational  states,  their  statistical  weights  auid 
energies  up  to  5000  cm“^  (Table  3),  a  listing  of  the  bands  that  arise  from  transi¬ 
tions  between  these  states  (Table  4),  and  a  listing  of  the  wavenumbers,  wavelengths, 
Einstein  A  coefficients  and  pB  factors  for  most  of  these  bands  (Tables  5  and  6). 

Tables  3  through  6  refer  to  both  individual  states  and  bands  and  to  what 
are  called  “composite”  states  auid  bands.  The  latter  have  been  used  to  advamtage  in 
certain  models  of  CO^  emission,  particularly  the  Delta  model  (Refs.  71,  72),  where 
a  simplification  in  the  number  of  states  and  bands  to  consider  is  effected  by  lumping 
groups  of  states  near  the  same  energy  together  (including  those  in  Fermi  resonance) 
into  a  single  composite  state  that  has  its  own  energy  and  statistical  weight.  Thus,  each 
individual  state  (vi,  ulua)^  can  be  assigned  to  a  composite  state  (Omn).  For  m  odd,  the 
number  of  component  states  is  (m  +  l)(m-i-3)/8.  These  consist  of  (m  — 1)/2  subgroups 
in  Fermi  resonance  -f  one  single  state.  For  m  even,  the  number  of  component  states  is 
(m  2)(m  +  4)/8  consisting  of  m/2  subgroups  in  Fermi  resonance  -t-  one  single  state. 

The  individual  state  energies  and  band  frequencies  are  based  on  the  compi¬ 
lation  in  Reference  68.  The  energy,  J5e(cm“*),  of  a  composite  state  appearing  in  Table 
3  is  defined  in  terms  of  the  energies,  E„(cm~^),  of  the  individual  states  that  comprise 
the  composite  state  by  the  relation 

=  .  (6) 

where  je,  the  statistical  weight  of  the  composite  state,  is  given  by  the  sum  over  the 
individual  statistical  weights: 


(7) 


The  values  of  appearing  in  Table  3  are  for  a  temperature  of  3000  °K. 

^In  newer  terminology,  this  state  would  be  designated  (witij/usr)  where  r  is  an  index  indicating  the 
particular  Fermi  level  involved. 
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Table  3.  Vibrational  states  and  energies  of  CO 


State  Notation 


old 


30001 


Energy  g  Composite  Energy* 
(cm“^)  State  (cm“^) 


667.38 


1285.41 

1335.13 

1388.18 


1932.47 

2003.25 

2076.86 


2349.14 


2548.37 

2585.02 

2671.14 

2671.72 

2760.72 

2797.14 


3004.01 


3181.46 

3240.62 

3339.36 

3340.72 

3442.22 

3500.67 


3612.84 

3659.27 

3714.78 
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Table  3.  Vibrational  states  and  energies  of  CO]  (Continued) 


State  Notation 

Energy 

(cm“*) 

g 

Composite 

State 

Energy* 

(cm-^) 

Sc 

old 

new 

4247.71 

2 

03*1 

4314.91 

2 

031 

4316.93 

6 

ll4 

4390.63 

2 

irraPi 

00021 

4673.33 

1 

002 

4673.33 

1 

07‘0 

31104 

4416.15 

2 

23303 

(4474)? 

2 

07®0 

15502 

(4532)? 

2 

15^0 

31103 

4591.12 

2 

■•Mill 

(4631)? 

2 

070 

4654.48 

15*0 

(4670)? 

2 

15*0 

(4710)? 

2 

23‘0 

31102 

4753.45 

2 

23*0 

4890.10 

2 

31‘0 

4938.39 

2 

04°  1 

20013 

4853.62 

1 

12212 

4887.99 

2 

4970.93 

2 

041 

4973.11 

9 

12°1 

4977.84 

1 

12*1 

12211 

5061.78 

2 

20°  1 

20011 

5099.66 

1 

*  Composite-state  energies  are  weakly  temperature  dependent. 
Values  shown  are  for  T  =  3000°  K. 
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Table  4.  Individual  and  composite  bands  of  CO^. 
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Tabic  4.  Individual  and  composite  bands  of  CO2  (Continued)* 
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Table  4.  Individual  and  composite  bands  of  CO2  (Continued). 
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Table  5.  Some  optical  parameters  for  individual  bands  of  COj 
(isotope  626). 


NU 

>  cn>-i  ) 


lambda 

(microns) 


1 

2349 

.14 

4 

.26 

•5 

e. 

960 

.96 

10 

.41 

3 

1063 

.  74 

9 

.40 

4 

6X3 

.03 

16 

.18 

5 

667 

.75 

14 

.98 

b 

720 

.81 

13 

.87 

T* 

667 

.38 

14 

.98 

3 

2326 

.60 

4 

.30 

9 
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Table  5 


.  Some  optical  parameters  for  individual  bands  of  COj 
(isotope  626)  (Continued). 
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Table  6.  Some  optical  parameters  for  composite  bands  of  CO 
(isotope  626). 
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The  composite-band  wavenumbers  in  Table  6,  however,  are  not  determined 
by  simply  taking  the  differences  between  the  composite-state  energies  shown  in  Table 
3.  Rather,  they  are  computed  using  the  method  applied  to  multiplet  atomic  spectra 
(Ref.  73).  This  is  because  the  average  frequency,  or  wavelength,  of  a  composite  band 
depends  on  the  weighting  of  its  constituent  bands  according  to  their  respective  tran¬ 
sition  probabilities.  Specifically,  let  be  an  upper  composite  state  with  component 
states  n,  and  let  N'  be  a  lower  composite  state  with  component  states  n'.  We  then 
define  the  average  wavelength  Xf/s'  «uid  wavenumber  usn’  as  follows: 


XnS' 

^n'  ^nn'  -^nn' 

(8) 

Xss' 

En  9n 

(9) 

Efi  9n 

i'SN' 

=  l/Xss' 

(10) 

The  Einstein  A  coefficients  for  the  individual  bands  in  Table  5  were  derived 
from  the  band  strengths  in  Reference  68  using  the  relation  (Refs.  69,  70)  * 


A 


nm 


=  7.540  X  10“ 


(11) 


Here,  Qv{To)  is  the  vibrational  partition  function  for  COj  at  temperature  Tq  =  296° K 
(taken  to  be  1.0931),  C2  is  the  second  radiation  ccr.3tant  {hc/k  =  1.43879),  Em  is  the 
energy  (cm“^)  of  the  lower  state,  g„  is  the  statistical  weight  of  the  upper  state,  /„ 
is  the  isotopic  abundance,  and  S°  is  the  band  strength,  in  units  of  cm"  Vl^ioiscule 
cm"*),  tabulated  in  Reference  68.  Tables  5  and  6  pertain  to  the  major  isotope  (626) 
with  abundance  0.98414. 

The  Einstein  A  coefficients  in  Table  6  for  the  composite  bands  are  defined 
in  terms  of  the  A  values  and  wavelengths  of  the  component  bands  by  the  relation 


Ass'  = 


Sn,r»'  9nX„„i  Ann' 
^%S'  Sn  9n 


^Equation  10  in  Reference  68  should  not  contain  the  factor  g"  and  Equation  1  in  Reference  69  should 
not  contain  the  factor  g,. 
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The  factors  pB  are  the  product  of  the  radiation  field  density  (at  wavenUixi- 
ber  Onm)  aJid  the  Einstein  B  coefficient  for  absorption  and  represent  the  rate  (sec"^ 
molecule  at  which  the  radiation  field  induces  transitions  from  the  lower  state  m 
to  the  upper  state  n.  The  values  are  given  for  day  and  night  conditions  and  assume 
optical  thinness.  The  nighttime  values,  based  on  earthshine  from  a  flat  black  body 
earth  at  temperature  Te{288°K)  radiating  into  2jr  steradians,  can  be  represented  by 
the  equation  (Ref.  71) 


(pB)^  =  \{gJgn.)A^n.  -  !)■'  .  (13) 

For  sunlight  conditions,  we  cissume  a  6000  '‘K  black-body  sun  that  subtends 
a  solid  angle  of  6.8  xl0~®  ster  at  the  earth.  The  appropriate  equation  (Ref.  71)  is 


The  daytime  values  for  pB  are  given  by  the  sum  of  Equations  13  amd  14. 

We  emphasize  that  Equations  13  and  14  are  valid  only  for  optically-thin 
conditions  for  which  attenuation  of  earthshine  by  the  atmosphere  above  the  earth’s 
surface,  and  of  sunlight  below  the  top  of  the  atmosphere,  are  negligible.  These  condi¬ 
tions  are  severely  violated  for  the  stronger  bands  of  COj,  especially  for  the  U2  and  1/3 
transitions  that  terminate  on  the  ground  state  (individual  bands  1  and  7  in  Table  4). 
For  these  and  other  bands  that  may  be  optically  thick,  transmission  effects  cannot  be 
neglected  and  the  energy  density  of  the  radiation  field  from  the  external  sources  (earth 
and  sun)  is  altitude  dependent.  The  values  for  pB  given  in  Tables  5  eind  6  are  based 
on  Equations  13  and  14  and,  as  such,  they  disregard  the  issue  of  optical  thickness. 
For  those  bands  that  are  optically  thick  (particulcirly  bands  1  ajid  7  in  Table  5  ajid  1 
and  4  in  Table  6),  the  pB  values  should  be  considered  as  upper  limits. 

As  to  the  uncertainty  in  the  parameter  values  shown  in  Tables  3,  5  and  6, 
Reference  68,  that  forms  the  basis  for  most  of  these  values,  states  that  the  individual 
energy  levels  and  band  wavenumbers  are  good  to  within  0.001  cm"S  and  the  band 
intensities  (and  hence  Einstein  coefficients)  to  about  10  percent. 
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2CYS  ATTN:  DTIC/FDAB 

STRATEGIC  AND  THEATER  NUCLEAR  FORCES 
AHN:  DRESEVIN 

STRATEGIC  DEFENSE  INITIATIVE  ORGANIZATION 
ATTN:  CS 
ATTN:  EN 

ATTN:  PTPCOLRIVA 
ATTN:  PTP  LTC  SEIBERLING 

2  CYS  ATTN:  SDIO/TNS,  MAJ  IMKER 

ATTN:  TN/OR  M  GRIFFIN 

DEPARTMENT  OF  THE  ARMY 

U  S  ARMY  ATMOSPHERIC  SCIENCES  LAB 

3  CYS  ATTN:  SLCAS-AE  E 

ATTN:  SLCAS-AS-M  MR  R  OLSEN 

U  S  ARMY  FOREIGN  SCIENCE  &  TECH  CTR 
ATTN:  AIFRTA 

U  S  ARMY  MISSILE  COMMAND 

ATTN:  AIAMS-S/BJ  GAMBLE 

U  S  ARMY  NUCLEAR  4  CHEMICAL  AGENCY 
ATTN:  MONA-NU  D  BASH 

U  S  ARMY  NUCLEAR  EFFECTS  LABORATORY 
ATTN:  ATAA-PL 

U  S  ARMY  RESEARCH  OFFICE 
ATTN:  RMACE 

U  S  ARMY  STRATEGIC  DEFENSE  CMD 
AHN:  CSSD-H  SA 


ATTN:  CSSD-IN-T  M  POPE 
ATTN;  CSSD-SA-EV  RON  SMITH 

DEPARTMENT  OF  THE  NAVY 

NAVAL  OCEAN  SYSTEMS  CENTER 

ATTN:  CODE  542  R  PAPPERT 

NAVAL  POSTGRADUATE  SCHOOL 

ATTN:  CODE  1424  LIBRARY 

NAVAL  RESEARCH  LABORATORY 

ATTN:  CODE  2627  (TECH  LIB) 

ATTN:  CODE  4121.8  H  HECKATHORN 
ATTN;  CODE  4700  WAU 
ATTN:  CODE  4700  S  OSSAKOW 
ATTN:  CODE  4700.3  P  PALMADESSO 

NAVAL  SURFACE  WARFARE  CENTER 

ATTN:  CODE  E232  (TECH  LIB) 

OFFICE  OF  NAVAL  RESEARCH 
ATTN:  CODE  1112 

DEPARTMENT  OF  THE  AIR  FORCE 

AIR  FORCE  GEOPHYSICS  LABORATORY 
ATTN:  OP/AGIANETTI 
AHN:  OP/ARATKOSKY 
ATTN:  OP/D  PAULSEN 
AHN:  OP/E  GOOD 
ATTN:  OP/WBLUMBERG 
AHN:  OPE/H  GARDINER 

AIR  FORCE  OFFICE  OF  SCIENTIFIC  RSCH 
ATTN;  AFOSR/NC 
ATTN:  AFOSR/NP 

AIR  FORCE  TECHNICAL  APPLICATIONS  CTR 
ATTN:  STINFO/J  MILAM 

AIR  UNIVERSITY  LIBRARY 
ATTN;  AUL-LSE 

NATIONAL  TEST  FACILITY 

ATTN:  NTB/JPO  DRCGIESE 

ROME  AIR  DEVELOPMENT  CENTER.  AFSC 
ATTN:  OCDJ  SIMONS 

SPACE  DIVISION/YA 
ATTN:  YAR 

STRATEGIC  AIR  COMMAND/TNCR 
ATTN:  INCP 

USAFETAC/CB 

ATTN:  CBTL  STOP  825 

WEAPONS  LABORATORY 
ATTN:  WL/SUL 
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DEPARTMENT  OF  ENERGY 

DEPARTMENT  OF  ENERGY 

OFFICE  OF  MILITARY  APPLICATIONS 
ATTN:  GK  WITHERS 

DEPARTMENT  OF  ENERGY 
ATTN:  F SPENCER 

LAWRENCE  LIVERMORE  NATIONAL  LAB 
ATTN:  L-84  A  GROSSMAN 
ATTN:  L-84  G  SIMONSON 
ATTN:  L-84  H  KRUGER 

LOS  ALAMOS  NATIONAL  LABORATORY 
ATTN:  Alio  0  JUDD 
ATTN:  E543  HUGHtS,  W  M 
ATTN:  W  BARFIELD 
ATTN:  REPORT  LIBRARY 

SANDIA  NATIONAL  LABORATORIES 

ATTN:  CODE  9014  RBACKSTROM 
ATTN:  ORG  1231,  J  R  LEE 
ATTN:  TECH  LIB  3141  (RPTS  REC  CLRK) 
ATTN:  2000  GT  CHENEY 

OTHER  GOVERNMENT 

CENTRAL  INTELLIGENCE  AGENCY 
ATTN:  OSWR/NED 
ATTN:  OSWR/SSD  FOR  L  BERG 

DEPARTMENT  OF  COMMERCE 

ATTN:  SEC  OFC  FOF  J  COOPER 
ATTN:  SEC  OFC  FOR  L  GEVANTMAN 
ATTN:  SEC  OFC  FOR  R  HAMPSON  JR 

DEPARTMENT  OF  COMMERCE 

ATTN:  ASSISTANT  administrator,  RD 

NASA 

ATTN:  CODE  620  H  TAYLOR 
ATTN:  CODE  625  J  HEPPNER 
ATTN:  CODE  625  M  SUGIURA 
ATTN:  CODE  680,  A  TEMPKIN 
ATTN:  JVETTE 

NASA 

ATTN:  CODE  JM6  TECHNICAL  LIBRARY 

NASA  HEADQUARTERS 

ATTN:  E  SCHMERLING,  CODE  EL 

ATTN:  RSCHIFFER 

ATTN:  1  SCHARDT,  CODE  EE 

NATIONAL  OCEANIC  &  ATMOSPHERIC  ADMIN 
ATTN:  D  ALBRITTON 
ATTN:  WSPJELDVIK 

NATIONAL  SCIENCE  FOUNDATION 

AHN:  DIV  OF  ATMOS  SCI  R  MCNEAL 


DEPARTMENT  OF  DEFENSE  CONTRACTORS 

AERODYNE  RESEARCH,  INC 
ATTN;  CKOLB 

AEROSPACE  CORP 

ATTN;  C  CREWS 
ATTN:  CRICE 
AHN:  G  LIGHT 
ATTN:  J  REINHEIMER 

AVCO  RESEARCH  LABORATORY,  INC 
ATTN:  C  VON  ROSENBERG  JR 

BERKELEY  RSCH  ASSOQATES,  INC 
AHN;  J  WORKMAN 

BOSTON  COLLEGE.  TRUSTEES  OF 
ATTN:  EHEGBLOM 
AHN:  WGRIEDER 

CHEM  DATA  RESEARCH 

ATTN;  K  SCHOFIELD 

EOS  TECHNOLOGIES.  INC 
ATTN:  B  GABBARD 
ATTN:  RLELEVIER 

ERIM 

ATTN:  IRIA  LIBRARY 

GENERAL  RESEARCH  CORP 
ATTN;  RREIN 

GENERAL  RESEARCH  CORP  INC 
ATTN;  J  EOLL 

HSS,  INC 

ATTN;  D HANSEN 
ATTN;  M SHULER 

INSTITUTE  FOR  DEFENSE  ANALYSES 
ATTN:  DRW  JEFFREY 
ATTN:  E BAUER 
ATTN:  HWOLFHARD 

JAMIESON  SCIENCE  &  ENGINEERING 
ATTN:  J  JAMIESON 

JOHNS  HOPKINS  UNIVERSITY 
ATTN:  J  KAUFMAN 

KAMAN  SCIENCES  CORP 
ATTN:  P TRACY 

KAMAN  SCIENCES  CORP 
AHN:  DASIAC 
AHN;  E  CONRAD 
AHN:  GDITTBERNER 

KAMAN  SCIENCES  CORPORATION 
ATTN:  DPIRIO 
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KAMAN  SCIENCES  CORPORATION 
ATTN:  BGAMBILL 
5CYS  ATTN:  DASIAC 

ATTN:  R RUTHERFORD 

KMS  FUSION,  INC 

ATTN:  LIBRARY 

LOCKHEED  MISSILES  &  SPACE  CO,  INC 
ATTN:  BMCCORMAC 
ATTN:  JCLADIS 
ATTN:  J  EVANS 
ATTN:  J  HENLEY 
ATTN:  J  KUMER 
ATTN:  J  REAGAN 
ATTN:  MWALT 

ATTN:  R  SEARSDONNELL  DOUGU.S  CORP 
ATTN:  T  CRANOR  MAIL  CODE  1061221 

MCDONNELL  DOUGLAS  CORPORATION 
AHN:  J  GROSSMAN 
ATTN:  RHALPRIN 

MISSION  RESEARCH  CORP 
ATTN:  J  KENNEALY 
ATTN:  R  ARMSTRONG 
ATTN:  S  DOWNER 
ATTN:  W  WHITE 

MISSION  RESEARCH  CORP 

2CYS  ATTN:  D  H  ARCHER 
AHN:  D  LANDMAN 

2  CYS  ATTN;  TECH  LIBRARY 

NICHOLS  RESEARCH  CORP,  INC 
ATTN:  RBYRN 

PACIFIC-SIERRA  RESEARCH  CORP 
ATTN:  E  FIELD  JR 
ATTN:  H  BRODE 

PENNSYLVANIA  STATE  UNIVERSITY 
ATTN:  J  NISBET 
ATTN:  LHALE 

PHOTOMETRICS,  INC 

ATTN:  I  L  KOFSKY 

PHOTON  RESEARCH  ASSOCIATES 
ATTN:  DBURWELL 


PHYSICAL  RESEARCH,  INC 
ATTN;  T  STEPHENS 

PHYSICAL  RESEARCH,  INC 
ATTN:  J  DEVORE 
ATTN:  JJORDANO 

PHYSICAL  SCIENCES,  INC 

ATTN;  G  CALEDONIA 

PITTSBURGH,  UNIV  OF  THE  COMMONWEALTH 
ATTN;  MBIONDI 

R  &  D  ASSOCIATES 

ATTN:  F  GILMORE 
ATTN:  RLAHER 

RJO  ENTERPRISES/POET  FAC 

ATTN:  STEVEN  KRAMER 
AHN:  W  BURNS 

SCIENCE  APPLICATIONS  INTL  CORP 
ATTN:  D  SACHS 

SCIENCE  APPLICATIONS  INTL  CORP 
ATTN:  E  HYMAN 

SRI  INTERNATIONAL 

ATTN:  WCHESNUT 

TELEDYNE  BROWN  ENGINEERING 
ATTN;  JCATO 

ATTN;  TECHNICAL  LIBRARY  (P  SHELTON) 
ATTN:  NPASSINO 

TOYON  RESEARCH  CORP 
ATTN:  J  ISE 

TRW  INC 

ATTN:  TECH  INFO  CTR,  DOC  ACQ 

UNITED  TECHNOLOGIES  RESEARCH  CTR 
ATTN:  H  MICHELS 

VISIDYNE,  INC 

ATTN:  J CARPENTER 

WESTINGHOUSE  ELECTRIC  CORP 
ATTN:  P CHANTRY 
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